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Abstract





proposed by Horava and Witten, the appeareance of anomalous U(1)
X
symme-
tries of a nonperturbative origin, related to the presence, after compactication,
of ve-branes in the ve-dimensional bulk of the theory. We compute the gauge
anomalies and the induced Fayet-Iliopoulos terms on each boundary, which we
nd to be lower than the universal one induced in the weakly coupled case.
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The role played by a pseudo-anomalous abelian symmetry [1] present in
many models constructed from the weakly coupled heterotic string theory has
been increasingly recognized. It may hold a function as a family symmetry
to explain quark and lepton mass hierarchies [2]-[10], as a mediator of super-
symmetry breaking [11]-[13], in cosmology [14, 15]. The anomaly cancellation
mechanism is a four-dimensional remnant of the Green-Schwarz mechanism of
anomaly cancellation which makes use of the coupling of the dilaton-axion to
the gauge degrees of freedom. The physics of this anomalous U(1) depends
primarily on the scale  at which the corresponding symmetry is broken. This
scale may be computed from the underlying string theory and lies one or two
orders of magnitude below the Planck scale, which may be suitable for family
symmetry purposes but probably too high for cosmology [16, 17].
In this article we discuss the possible origin of an anomalous U(1) symmetry
in the context of the strong coupling limit of the heterotic string constructed
by Horava and Witten [18]. In this picture, the observable and hidden gauge
degrees of freedom live on two distinct 10-dimensional boundary planes. Because
of its non-vanishing mixed anomalies, the anomalous U(1) couples to both types
of degrees of freedom and must therefore be found in the 11-dimensional bulk.
This restricts its possible origin and makes the eleventh orbifold-like dimension
between the two boundary planes play a key role in unravelling its structure.
This may also help, as we will see, to evaluate the associated scale .
Let us start by recalling some of the properties of the pseudo-anomalous
U(1)
X
as it appears in the weakly coupled heterotic string. The anomaly can-
































is the Kac-Moody level of the gauge symmetry group G
a
. Anomaly
cancellation is thus ensured by a Peccei-Quinn transformation of the axion string



























The Green-Schwarz coecient 
GS
is non-vanishing which imposes that the
mixed anomaly coecients for both observable and hidden sector gauge sym-
metries are non-zero. This in turn implies that fermions of both sectors are
charged under the anomalous symmetry which therefore couples observable and
hidden sector. This will be a key property to help us identify the origin of sim-
ilar anomalous symmetries in the context of the strongly coupling limit of the
heterotic string.
In the Horava-Witten construction, this limit is described by eleven-dimensio-






, coupled with gauge elds which
1
are ten-dimensional vector multiplets that propagate on the boundary of space-













































































where I; J;    are eleven-dimensional indices, A;B;    ten-dimensional indices
and G is the eld strength of the three-form C (G = 6dC +   ). The Z
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and acts as the chirality projector on the gravitino degrees of freedom. The 3-
form C is odd under this projection whereas the metric tensor is even.
The bosonic action (3) and the corresponding fermionic one constructed in
[18] do not form the complete quantum action but they are rather an eective




Because of the presence of the boundary, the fermionic action includes divergent
terms proportional to (0) (as well as its derivatives) possibly to some power:
in a full quantum treatment, the boundary presumably acquires a non-zero
thickness of order M
 1
and the divergent (0) terms are smoothed out into









One may compactify this theory down to 5 dimensions [20]-[26]. With a
standard embedding of the SU(3) holonomy group of the 6-dimensional compact
manifold, one may consider that the (E
6
-type) gauge elds of the observable
sector live on one boundary, whereas the (E
8
-type) gauge elds of the hidden
sector live on the other one. The dierent scales involved will play an important
part in what follows. Let us therefore review them. We will adopt a simplied
compactication scheme [19] which includes the most generic properties of more
realistic scenarios: we keep only the two moduli which describe respectively the
radii of the six-dimensional compact manifold (compactication from 11 to 5
dimensions) and of the orbifoldlike 11th dimension (counted from now on as the



























































where m;n 2 f1;    ; 4g. In these formulas, M is the fundamental mass scale
but the rescalings undergone by the four-dimensional metric may change its
physical interpretation in 4-dimensional spacetime. In the absence of rescaling





. A look at the Einstein term in the four-
dimensional Lagrangian shows that the choice a =  2; b =  1 yields the 4-





being the reduced Planck scale).
Finally, the choice a =  2; b = 0 corresponds to the 5-dimensional Planck scale
[22] as well as 5-brane unit mass scale in the 10-dimensional theory [28]; we will
denote it by M =M
5
.
Our simplied compactication scheme amounts to the presence of only the
dilaton S and a single Kahler modulus T . Their real parts s and t expressed in
general M units simply read:
s = e
3





The mass scale which corresponds to the inverse radius of the 6-dimensional
compact manifold is the scale where the theory becomes 11-dimensional and
therefore corresponds to the unication of all couplings; we denote it by M
U
.







































Notice that this gauge coupling is universal at the tree level, for all the gauge
groups living on the boundary, which leads to the universality of the Green-
Schwarz mechanism in four dimensions.
In what follows, we will be interested mainly in expressing the scales in


































































































It is important to note that, because the original theory is not fully de-
termined by the action (3), its compactied version is valid only for a certain
range of mass scales. In particular, we disregarded the non-zero thickness of the
boundary, presumably associated with some non-perturbative eect in quantum
M-theory. Had we restored a non-vanishing thickness, the gauge elds of the
boundary would propagate in the corresponding layer (of width of orderM
 1
):
this would generate in the 4-dimensional theory massive states of massM . Since














= t 1: (13)





is the number of Kaluza-Klein states of mass less than M
5
, which con-
tributes to computations involving Kaluza-Klein states running in loops.
Let us now turn to the anomalous U(1) symmetry in this context. Since
it necessarily couples the observable and the hidden sector which lie on the
two boundaries of 11-dimensional spacetime, the corresponding gauge degrees
of freedom necessarily live in the 11-dimensional bulk (or at least, when we
consider the compactied theory, in the 5-dimensional bulk). Indeed, consider
the limiting case when the two boundaries are far apart, t ! 1 and therefore
they do not interact with each other. In this case, the U(1)
X
gauge coupling
should vanish and therefore the U(1)
X
gauge group is intimately related to the
presence of the extra dimension. In particular, the heterotic perturbative gauge
group, with a gauge coupling given by (10) does not satisfy this constraint and
cannot describe, in the M-theory regime, a perturbative physics.
An obvious candidate for our anomalous U(1)
X
would be the 5-dimensional
gauge eld C
IJ
(among which is found the graviphoton which we denote by
C

) but it is odd under the Horava-Witten Z
2
parity and therefore only the
4-dimensional scalar eld C
5IJ
has non-vanishing zero modes on the bound-
aries. We thus have to assume that an anomalous U(1)
X
symmetry has a
non-perturbative origin (from the point of view of the weakly coupled heterotic




This may also be seen in a more technical way: the delta functions  which appear are




which is 1=t in our 5-dimensional units;
thus expansion in the number of  factors amounts in 4 dimensions to an expansion in t
 1
in our units where the rescaling of the 4-dimensional metric is t-independent (b = 0 in (6)).
Similarly derivatives such as 
0
include a factor 1=g
5;5
and therefore yield higher powers in
1=t.
4
is indeed a generic situation after compactication, where the 5d bulk contain
nonperturbative gauge elds and charged matter coming from 5-branes. The
perturbative gauge elds on the boundary are interpreted in an open string
language as coming from 9-branes. There are also mixed, 5   9 sectors, cor-
responding, in an eective Horava-Witten type lagrangian, to boundary elds
charged under the nonperturbative U(1)
X
gauge eld [29].
We will illustrate how the anomaly arises on a 5-dimensional toy model,
containing both 9-branes and 5-branes. Let us consider a 5-dimensional su-






. The gauge degrees of freedom
consist of a 5-dimensional vector supereld A

, even under the Horava-Witten
Z
2
parity and a 4-dimensional vector superelds A
a
m
which propagate on the


















are complex scalar elds and  

are Weyl fermions, (ii)
ordinary 4-dimensional matter living on the boundary of spacetime.
As is well-known [31], the supersymmetric Lagrangian describing the in-









, which are in cor-




. The scalar component of the
U(1)
X










variables have an Horava-Witten parity which is the opposite of the parity of
the corresponding vector eld, that is  1 for 
A
























where we have chosen the normalisation in such a way that one recovers diagonal
and conveniently normalized gauge kinetic terms at the point 
A
= 0 (see below).

































































































terms are xed by the requirements of gauge invariance and supersymmetry in
5 dimensions.
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After compactication to 4 dimensions, one nds two chiral supermultiplets















We work now in Planck mass units where t = e

. The normalisation of the ki-








does not survive the
Horava-Witten projection, at 
C
= 1. The Kahler potential for the remaining
scalar eld T
C






). Taking into account
the fact that the gauge eld C
m
does not survive either the Horava-Witten pro-

















































Comparing the gauge kinetic term with (9), we see the S $ T exchange char-
acterizing perturbative-nonperturbative mapping in 4 dimensions [28].
Our model is somewhat reminiscent of a model discussed recently by Mirabelli
and Peskin [30] and we follow the method devised by these authors to couple
4-dimensional boundary elds with the elds living in the 5-dimensional bulk.
In the following we need the propagators of the bulk hypermultiplets, which








































































































)j0 > = 0 ;
6
From now on, we use the dimensionless angular variableMx
5

























































































is the Feynman propagator for

































































































































where, in the last step, we have evaluated the function J in the ultraviolet
region p  M
5
, that is, in the region of interest (13), pR
5
 1. Indeed, in the
following, we are interested in computing the triangle gauge anomaly and the
induced Fayet-Iliopoulos term, the computation of which involves the ultraviolet
behaviour of the propagators. In this case, the sum over Kaluza-Klein modes

















































































































































(x y) are the Feynman propagators for a 4-dimensional
complex massless boson and massless Weyl fermion, respectively. Consistently
with our previous discussion, we neglect 
0
type terms and therefore the last
correlator in (24) is zero in the limit (13).


























(we use the Weyl basis in the following) and from the boundary fermions  
';i









j0 >, where 
(0)















































































































































  )] : (25)































































and respectively  
';i




































































Strictly speaking, there are other diagrams contributing to the anomaly,
which however, give a result proportional to 
00
functions and are therefore




gives a similar result involving 
00
. Similar computations can be made for the






















































































: 0 : (28)
In (28), G
i
stand for gauge groups on the boundary i and T (R) for Dynkin
index of charged fermions. The last mixed anomaly is automatically zero as no





gauge groups. The anomaly-free conditions are easily read from (28) which,
if violated, signal the presence of a anomalous U(1)
X
in the theory.
It is interesting to notice the close analogy between (27) and the modied






























where G is the eld strength of the three form , F
i
is the gauge eld form
on the boundary i and trR
2
is computed from the curvature two form. The
9
interpretation of (27) is, of course, similar to (29), i.e. the anomaly coming from
the 5d hypermultiplets is equally distributed on the two boundaries, which was
expected physically. If we integrate over x
5
in (27) in order to nd the global



























We now come to our main goal, the computation of the one-loop Fayet-
Iliopoulos terms induced through the orbifold Z
2
projection. To accomodate the
general case, we assume that both the elds living on the boundaries (denoted by
'; i in the following) and the bulk elds contribute to the anomaly and therefore
generate Fayet-Iliopoulos terms. These can be simply found by computing the
induced mass terms for the charged scalar elds, of either boundary or bulk
type, to be obtained from the diagrams shown in gure 2. The results, obtained



























































































where we choose the ultraviolet regulator in gure 2, in complete analogy
with the weakly-coupled case, as in the second reference in [1]. More precisely,





, as the eective eld
theory description breaks down above M
2
5
and the numerical factor 1=3 is due
to the stringy cut-o [1].
The results can be interpreted as the generation in the eective lagrangian
of a Fayet-Iliopoulos term on each boundary 
i
, such that the U(1)
X
D-term in











































































Figure 2: One loop diagrams involved in the computation of the induced mass









































=t. In analogy with (27), here also the global Fayet-Iliopoulos
term, obtained by integrating over x
5















very similar to the one obtained in the perturbative heterotic string where in
(35) M
5
is replaced by m
Pl
.




goes in the right direction for solving the cosmological issues related with such
a symmetry [15, 16].
A supersymmetry preserving vacuum in (33) is found if on each boundary
there is at least one scalar eld '; i of charge opposite in sign to the correspond-
ing Fayet-Iliopoulos term 
i

















Supersymmetry can be broken in this context if a gaugino condensate<  >
forms on one boundary (2, for concreteness, with a Fayet-Iliopoulos term 
2
)
and the corresponding F-term condition is incompatible with the U(1)
X
D-term







The usual supergravity-induced soft terms by the gaugino condensation [24] are
here much smaller, therefore the anomalous U(1)
X
contributions are dominant.





, lower than the analogous one in the perturbative heterotic
case.




and nonperturbative gauge elds A
i

is straightforward. The ve-

























characterizes the 6-dimensional compact manifold with the intersec-
tion numbers c































The four-dimensional action is found by putting N = 1, 
i
A
= 0 and the 4-
































and are therefore non-universal, depending on compactication details. The
4-dimensional Green-Schwarz mechanism will generalize accordingly, involving
8






would not minimize the kinetic energy
density.
12
more moduli axions able to shift gauge anomalies, in analogy with the six-
dimensional case [32].
Note added
After this work was completed, we received the preprint [33], where the
question of anomalous U(1)
X
in M-theory and open strings was studied. Our
arguments seem to indicate that the universal anomalous U(1)
X
of [1] considered
in [33] cannot give a one-loop Fayet-Iliopoulos term in M-theory and rather
describes some unkonwn, nonperturbative physics.
References
[1] M. Dine, N. Seiberg and E. Witten, Nucl. Phys. B289 (1987) 589; J. Atick,
L. Dixon and A. Sen, Nucl. Phys. B292 (1987) 109; M. Dine, I. Ichinose
and N. Seiberg, Nucl. Phys. B293 (1988) 253.
[2] L. Iba~nez and G. G. Ross, Phys. Lett. B332 (1994) 100.
[3] P. Binetruy and P. Ramond, Phys. Lett. B350 (1995) 49; P. Binetruy, S.
Lavignac and P. Ramond, Nucl. Phys. B477 (1996) 353.
[4] V. Jain and R. Shrock, Phys. Lett. B352 (1995) 83.
[5] E. Dudas, S. Pokorski and C.A. Savoy, Phys. Lett. B356 (1995) 45; E.
Dudas, C. Grojean, S. Pokorski and C.A. Savoy, Nucl. Phys. B481 (1996)
85.
[6] Y. Nir, Phys. Lett. B354 (1995) 107.
[7] E.J. Chun and A. Lukas, Phys. Lett. B387 (1996) 99.
[8] R.N. Mohapatra and A. Riotto, Phys. Rev. D55 (1997) 1137, Phys. Rev.
D55 (1997) 4262.
[9] A.E. Nelson and D. Wright, hep-ph/9702359.
[10] A. Faraggi and J.C. Pati, hep-ph/9712516.
[11] P. Binetruy and E.A. Dudas, Phys Lett. B389 (1996) 503.
[12] G. Dvali and A. Pomarol, Phys. Rev. Lett. 77 (1996) 3728.
[13] N. Arkani-Hamed, M. Dine and S.P. Martin, hep-ph/9803432.
[14] A. Casas and C. Mu~noz, Phys. Lett. B216 (1989) 37; A. Casas, J. Moreno,
C. Mu~noz and M. Quiros, Nucl. Phys. B328 (1989) 272.
13
[15] E.D. Stewart, Phys. Rev. D51 (1995) 6847; P. Binetruy and G. Dvali,
Phys. Lett. B388 (1996) 241; E Halyo, Phys. Lett. B387 (1996) 43.
[16] D. Lyth and A. Riotto, hep-ph/9707273.
[17] P. Binetruy, C. Deayet and P. Peter, preprint LPTHE-Orsay 98/40, hep-
ph/9807233.
[18] P. Horava and E. Witten, Nucl. Phys. B460 (1996) 506, Nucl. Phys. B475
(1996) 94.
[19] E. Witten, Phys. Lett. B155 (1985) 151.
[20] T. Banks and M. Dine, Nucl. Phys. B479 (1996) 173.
[21] T. Li, J. Lopez and D. Nanopoulos, Phys. Rev. D56 (1997) 2602.
[22] E. Dudas and C. Grojean, Nucl. Phys. B507 (1997) 553; E. Dudas, Phys.
Lett. B416 (1998) 309.
[23] I. Antoniadis and M. Quiros, Nucl. Phys. B505 (1997) 109 and Phys. Lett.
B416 (1998) 327.
[24] H.P. Nilles, M. Olechowski and M. Yamaguchi, Phys. Lett. B415 (1997)
24 and hep-th/9801030.
[25] A. Lukas, B. Ovrut and D. Waldram, hep-th/9710208;
A. Lukas, B. Ovrut, K.S. Stelle and D. Waldram, hep-th/9806051.
[26] J. Ellis, Z. Lalak, S. Pokorski and W. Pokorski, hep-ph/9805377.
[27] E. Caceres, V.S. Kaplunovsky and I.M. Mandelberg, Nucl. Phys. B493
(1997) 73.
[28] P. Binetruy, Phys. Lett. B315 (1993) 80; E. Dudas and J. Mourad, Phys.
Lett. B400 (1997) 71.
[29] M. Bianchi and A. Sagnotti, Phys. Lett. B247 (1990) 517, Nucl. Phys.
B361 (1991) 519;
E. Gimon and J. Polchinski, Phys. Rev. D54 (1996) 1667.
[30] E.A. Mirabelli and M.E. Peskin, hep-th/9712214.
[31] M. Gunaydin, G. Sierra and P.K. Townsend, Nucl. Phys. B242 (1984) 244
and B253 (1985) 573.
[32] A. Sagnotti, Phys. Lett. B294 (1992) 196;
M. Berkooz, R. Leigh, J. Polchinski, J. Schwarz, N. Seiberg and E. Witten,
Nucl. Phys. B475 (1996) 115.
[33] J. March-Russell, hep-ph/9806426.
14
